Elevated pre-pregnancy body mass index (BMI), excessive gestational weight gain (GWG), and gestational diabetes (GDM) are known determinants of fetal growth. The role of placental weight is unclear. We aimed to examine the extent to which placental weight mediates the associations of pre-pregnancy BMI, GWG, and GDM with birthweight-for-gestational age, and whether the relationships differ by preterm status. We examined 1035 mother-infant pairs at birth from the Boston Birth Cohort. Data were collected by questionnaire and clinical measures. Placentas were weighed without membranes or umbilical cords. We performed sequential models excluding and including placental weight, stratified by preterm status. We found that 21% of mothers were obese, 42% had excessive GWG, and 5% had GDM. 41% were preterm. Among term births, after adjustment for sex, gestational age, maternal age, race, parity, education, smoking and stress 
Introduction
Elevated pre-pregnancy body mass index (BMI), excessive gestational weight gain (GWG), and gestational diabetes (GDM) are known determinants of fetal growth. (1) (2) (3) (4) The mechanisms and mediation role of placental weight for these relationships are unclear. Women with GDM pass excess glucose across the placenta which contributes to fetal overgrowth. (5) Larger placentas are associated with higher pre-pregnancy body mass index (BMI), excessive GWG, and GDM. (6-9) Thus, placental size may be an important mediator between pre-pregnancy BMI, GWG, GDM and increased fetal growth. Placental weight has also been linked with adult diseases including hypertension and cardiovascular disease (10) , suggesting that the influences of the placenta during fetal life may have long-term effects. To our knowledge, there are no prospective studies in humans that examine the mediation of placental weight on the association between these prenatal factors and fetal growth.
Furthermore, both placental and fetal growth are closely correlated to gestational age. The placenta size increases until late in gestation, supporting on-going fetal growth,(9) but preterm infants miss the final weeks of intra-uterine growth. In addition, infants born preterm are smaller at birth than fetuses of the same gestational age that remain in utero and deliver at term. (11) . Thus, infants born preterm may have different intra-uterine growth patterns. It is important to evaluate whether the association of prenatal factors and placental weight with fetal growth differs between term and preterm infants.
The objectives of this study were to examine the extent to which placental weight mediates the well-established association between prenatal factors (pre-pregnancy BMI, GWG, GDM) and birth weight-for-gestational age and BMI at birth; and whether these relationships differ by term and preterm births. To address these objectives, we analyzed data from the Boston Birth Cohort, a large, multi-ethnic, inner-city cohort of mother-infant pairs enrolled postpartum at the Boston Medical Center.
Methods and Procedures

Study Population
The study population and data collection methods are described elsewhere (12) . Briefly, The Boston Birth Cohort was initiated in 1998 and recruitment is ongoing at the Boston Medical Center (BMC), a large urban hospital serving a multi-ethnic inner-city population.
The Boston Birth Cohort was originally designed to study adverse birth outcomes, particularly preterm births. The inclusion criteria of the parent study are as follows: Any woman admitted to the Labor and Delivery floor at BMC who delivered a singleton live infant and met our case (gestational age <37 weeks or birth weight <2,500 grams) or control (gestational age ≥ 37 weeks with birth weight ≥2,500 grams) criteria was eligible (13) . Multiple gestation pregnancies, pregnancies resulting from in-vitro fertilization, deliveries resulting from maternal trauma and newborns with major birth defects were excluded. This study was approved by Institutional Review Board (IRB) at the Children's Memorial Hospital (CMH) and Boston University Medical Center (BUMC).
Mother-infant pairs were recruited 24 to 72 hours postpartum. After obtaining written informed consent, we conducted a face-to-face maternal interview using a standardized questionnaire. We also reviewed maternal and infant medical records using a standardized abstraction form to obtain clinical data including prenatal care, ultrasound findings, placental weight, placental pathology reports, laboratory reports, pregnancy complications, labor and delivery course, and birth outcomes (infant gender, gestational age, birth weight and birth length).
This report focused on mothers aged 18-34 years. There were 3857 women aged 18-34 years at childbirth. We excluded 55 women with pre-existing diabetes before pregnancy and 2,767 due to missing values of placental weight (n=1338), GWG (n=525), both placental weight and GWG (n=904). This left 611 term births and 424 preterm births, totaling 1035 motherinfant pairs for analysis. We compared included and excluded participants and found no differences in pre-pregnancy BMI, weekly GWG (100g/week), GWG per 2009 Institute of Medicine (IOM) guidelines, parity and smoking during pregnancy (Online Supplemental Table 1 ). Among term births, the mothers included in this report were more likely to report "very stressful" as the amount of stress in life during pregnancy than those excluded (23.6% vs. 17.9%). Among preterm births, the mothers included were more likely to identify themselves of black race (55.4% vs. 48.9%), and to have an education of high school or above (74.5% vs. 67.4%) (Online Supplemental Table 1 ). The included infants had slightly lower birth weights and BMI in both term and preterm births and lower birth weight-forgestational-age z-score in term births compared to those excluded.
Gestational weight gain-GWG was calculated as the difference between the final measured weight prior to delivery abstracted from the medical record and self-report of prepregnancy weight. We categorized GWG into inadequate, adequate and excessive GWG as defined by IOM in 2009 (14) . Specifically, "adequate" weight gain describes a gain of 28-40 pounds for an underweight women (BMI <18.5 kg/m 2 ), 25-35 pounds for a women of normal weight (BMI 18.5-24.9 kg/m 2 ), 15-25 pounds for an overweight women (25.0-29.9 kg/m 2 ), and 11-20 pounds for an obese women (BMI ≥ 30.0 kg/m 2 ). Those below and above the corresponding range were classified as "inadequate" and "excessive" respectively. Because GWG categories are based on total GWG, it may not adequately reflect the time for gestational weight gain and the velocity of GWG, especially for mothers who deliver premature. We also calculated a weekly GWG (100g/ week) as a continuous measure by the formula: weekly GWG (100g/week) =10*GWG (kg)/gestational age (weeks). But, of note, since weight gain is not linear across pregnancy, weekly GWG also has its limitations.
Gestational Diabetes-We abstracted presence or absence of GDM from the medical record. The diagnosis of GDM was based on clinician's interpretation of the results of standard glucose tolerance testing during pregnancy. We excluded participants with a prepregnancy history of diabetes mellitus because they may have different pattern of prepregnancy BMI and GWG.
Placental Weight-Placental weights were abstracted from medical records from pathology reports. Obstetricians chose to send placentas to pathology at the time of delivery for various reasons including prematurity, intrauterine growth restriction, concern for chorioamnionitis or abruption, maternal drug and/or alcohol use, hypertensive disorders including chronic and pregnancy induced hypertension, and perinatal depression. Placentas were fixed in formalin for 1-2 days, membranes and umbilical cord removed, and then weighed on a digital scale. We classified placental weight into three groups: low, medium and high, based on sex-and gestational age-specific tertiles of placental weights. We compared the mother-infant pairs with placental data vs. those without, and found that there were no differences in infant sex, maternal age, weekly GWG, GWG per 2009 IOM guidelines, and maternal education in term and preterm births. Compared to mothers without placenta weights, those with placental weights were more likely to identify themselves of black race and have infants born earlier with lower birth weights and birth weight-forgestational age z-scores in both term and preterm births. Mothers of term births with placenta weights were more likely to report their lives as "very stressful" during pregnancy (22.9% vs. 17.5%), more often nulliparous (49% vs. 40.5%) and more were smokers during pregnancy (22.7% vs. 17.0%) compared with mothers of term births without placenta weights. And mothers of preterm births with placental weights were more often obese (22.0% vs. 15.8%) and had infants of lower BMI at birth compared to mothers of preterm births without placental weight (online supplemental Table 2 ).
Main Outcomes of Weight Status at Birth
Our measures of weight status at birth were birth weight-for-gestational age z-score ("fetal growth") and BMI at birth. We abstracted clinical measure of birth weight (grams) and birth length (cm) from the medical record. We estimated birth weight-for-gestational age z-score based on sex-specific U.S. national reference data. (15) Birth weight-for-gestational age zscore reflects the percentile rank of an infant's birthweight in the reference population of same sex and gestational week. For example, a female infant born at a gestation age of 37 weeks with a z-score of 1.96 is heavier than 97% and lighter than 2% of the reference population of females born at 37 weeks gestation. BMI was calculated as birth weight (kg)/ birth length 2 (m 2 ). We used BMI at birth, given that the new World Health Organization (WHO) growth charts use BMI-for-age from 0 to 2 years. (16)
Definitions of Major Covariates
Maternal socio-demographic factors including age, race/ethnicity, and education level, smoking history during pregnancy and the amount of life stress during pregnancy (not stressful, average, or very stressful) were obtained by self-report during the maternal postpartum interview and included as covariates because these factors are known to influence fetal growth. (7, 17, 18) Infant factors including sex and gestational age at birth were abstracted from the medical record. We determined gestational age at delivery from maternal report of last menstrual period (LMP) and early ultrasound (< 20 weeks). If the estimate of gestational age from the ultrasound differed by > 7 days than that predicted by maternal report of last menstrual period, then we used the ultrasound assessment. If there was no ultrasound and no known date of LMP, we used clinician report of gestational age based on Dubowitz physical exam findings. Preterm was defined as gestational age <37 weeks, and term as ≥ 37 weeks.
Statistical Analysis
First we compared maternal and infant characteristics between included and excluded participants (online supplemental Table 1 ), between those with and without placental data (online supplemental Table 2 ) and between term and preterm births (Table 1) , using t-test for continuous variables and Chi-square tests for categorical data. Next, we used ANOVA Ftests or t-tests to compare placental weight, birth weight-for-gestational age zscore and birth weight measures among groups of main exposures and covariates in term and preterm births separately( Table 2) .
We used multivariable linear regression to evaluate the relationship between pre-pregnancy BMI, GWG, GDM, placental weight and outcome measures, including birth weight-forgestational age z-score (Table 3) , and BMI at birth (Table 4 ) with stratification by gestational age (preterm vs. term).
We performed sequential models by excluding and including placental weight to evaluate a possible mediation effect of placental weight on prenatal factors and birthweight measures. First we looked at sex-adjusted models for each predictor (Model 1). Next we adjusted for covariates of a priori interest including demographics and factors which may influence fetal growth such as maternal smoking and stress during pregnancy (Model 2). Then we added placental weight in the models to examine the extent to which placental weight mediates the relationship between pre-pregnancy BMI, GWG, GDM and birth weight outcomes, without adjustment for pre-pregnancy BMI (Model 3). Next, we examined the associations of GWG and GDM with birth weight outcomes after adding pre-pregnancy BMI as an additional confounder (Model 4), and then evaluated the mediation effect of placental weight (Model 5). Finally we performed a grand model with all covariates and predictors to assess the association between placental weight and fetal growth measures with adjustment for other three predictors (Model 6). Weekly GWG was used in Model 6. As mediator (placental weight in this paper), it should predict outcome in a model controlling for predictors of interest. All linear regression models were performed for term and preterm births separately.
Finally, we used locally weighted nonparametric smoothing plots (SAS LOESS, SAS Institute, Cary, NC, USA) to graphically examine the relationship of sex-and gestationalage specific placental weight levels (low, medium and high) with birth weight outcomes across pre-pregnancy BMI and GWG, in term and preterm births (Figure 1 and 2 ). All analyses were performed with SAS 9.1 software (SAS Institute Inc) and Empower(S) (www.empowerstats.com).
Results
Study population
The characteristics of 1035 mother-infant pairs are presented in Table 1 . 41% were preterm with gestational ages ranging from 22.7 to 36.9 weeks. The mean maternal age (years) was 26.3 ± 4.7 in term births and 26.5 ± 4.7 in preterm births. The majority of mothers identified themselves as black and Hispanic (51.4% and 24.1% among term births and 55.4% and 18.6% among preterm births). 63.4% and 65.8% reported completion of high school or less; 23.6% and 27.6% characterized their life as "very stressful" during pregnancies; 21.8% and 28.5% of women smoked during pregnancy among term and preterm births respectively. 20% and 21.9% of mothers were obese (pre-pregnancy BMI ≥ 30.0 kg/m 2 ), 48.3% and 33.5% had excessive GWG per 2009 IOM guidelines, and 5.1% and 5.7% had GDM among term and preterm births, respectively. Compared to preterm infants, term infants had higher mean placental weight (475 ± 138 vs. 349 ± 122 g), birth weight (3168 ± 655 vs. 1972 ± 722 g) and BMI (kg/m 2 ) at birth (12.8 ± 1.9 vs. 10.6 ± 2.0 kg/m 2 ), and similar birth weight-forgestational age z-score (-0.54 ± 1.26 vs. -0.56 ± 0.83) ( Table 1) . Table 2 revealed that male infants had higher weight status at birth (birth weight, birth weight-for-gestational age z-score and BMI at birth) than females born at term, and male infants had a higher mean birth weight than females born preterm. Obese mothers had greater mean placental weight and measures of offspring weight status at birth than normal weight mothers among term births only. Mothers with excessive GWG and GDM had greater mean placental weight and measures of weight status at birth in both term and preterm infants, compared to mother with adequate GWG and without GDM. Mothers who smoked during pregnancy had infants with lower mean birth weight and birth weight-forgestational age z-score compared to non-smoking mothers in term births ( Table 2) .
Associations of Prenatal Factors and Placental Weight with Birth Weight-for-Gestational Age Z-score
Among term births, birth weight-for-gestational age z-score was 0.55 units higher for prepregnancy obesity vs. normal weight (95% CI 0.30, 0.80) with adjustment for infant sex, gestational age, maternal age, education, race, parity, smoking and life stress during pregnancy (Table 3 , Model 2). With adjustment for pre-pregnancy BMI and other covariates, birth weight-for-gestational age z-score was 0.34 units (0.13, 0.55) higher for excessive vs. adequate GWG and 0.67 units higher (0.24, 1.10) for GDM vs. no DM (Model 4). Adding placental weight to the models attenuated the estimates for pre-pregnancy obesity by 20% (Model 2 and 3), excessive GWG by 32%, and GDM by 21 %, suggesting a 20-30% mediation effect of placental weight (Table 3 , Model 4 and 5). With adjustment for prepregnancy BMI, GWG, GDM and other covariates, birth weight-for-gestational age z-score was 0.82 units (0.64, 1.00) higher for high vs. medium placental weight (Model 6).
Among preterm infants, GDM (β=0.67, 95% CI 0.34, 1.00, Table 3 , Model 4) and high placental weight (0.55, 0.41, -0.69, Table 3 , Model 6) were associated with higher birth weight-for-gestational age z-score; but pre-pregnancy obesity [0.05, -0.15 to 0.24, (Table 3 , Model 4 and 5). We did not find associations between pre-pregnancy obesity and GWG (categories or continuous measures) and birth weight-for-gestational age z-score. 
Associations of Prenatal Factors and Placental Weight with BMI at Birth
We found similar associations for prenatal factors, placental weight and BMI at birth (Table  4) . Among term births, after adjustment for infant sex and other covariates, BMI (kg/m 2 ) at birth was 0.7 (95% CI 0.3, 1.1) higher for infants born to obese mothers vs. mothers with normal weight (Model 2). After additional adjustment for pre-pregnancy BMI, BMI at birth was 0.5 (0.2, 0.9) higher for excessive vs. adequate GWG, and 1.0 (0.3, 1.6) higher for GDM vs. no DM (Model 4). Adding placental weight to the models attenuated the estimates for pre-pregnancy obesity by 14% (Model 2 and 3), excessive GWG by 20%, and GDM by 20% (Model 4 and 5).
Among preterm births, GDM was associated with 0.9 (95% CI 0.1, 1.7) higher BMI at birth, but pre-pregnancy obesity (-0.2, -0.7 to 0.2) and excessive GWG (0.1, -0.3 to 0.5) were not. However, a GWG of 100 grams per week was associated with 0.1 higher BMI at birth (95% CI 0.03, 0.2) ( Table 4 , Model 4). Attenuation by placental weight was 33% for GDM and 30% for weekly GWG in preterm births (Table 4 , Model 4 and 5).
Similarly, high placental weight was associated with higher BMI at birth in both term (0.9, 95% CI 0.6, 1.2) and preterm infants (0.9, 0.5, 1.3), and low placental weight was associated with lower BMI at birth in both term (-0.7, -1.1, -0.4) and preterm infants (-0.7, -1.1, -0.3) compared to medium placental weight with adjustment for pre-pregnancy BMI, weekly GWG, GDM and other covariates (Model 6).
Graphic Analysis of Prenatal Factors, Placental Weight and Weight Status at Birth
Smoothing plots showed that infants with the highest tertile of placental weight had consistently higher birth weight-for-gestational age z-scores and BMIs at birth than infants with placental weights in the middle tertile, which were consistently higher than infants with the lowest tertile of placental weight in both term and preterm births, with adjustment for infant sex and other covariates (Figure 1 and 2) .
Discussion
In this study we found that maternal obesity, excessive GWG, and GDM were associated with greater birth weight-for-gestational age z-score (fetal growth) and BMI at birth among term births. Adding placental weight in the models substantially attenuated these relationships, suggesting that placental weight may partially mediate the association of maternal obesity, excessive GWG, and GDM with fetal growth and BMI at birth. Among preterm births, we found a positive association between GDM and birth weight-forgestational age z-score and BMI at birth which was also partially mediated by placental weight. Finally, we found that placental weight was a strong predictor of birth weight-forgestational age z-score and BMI at birth after controlling for pre-pregnancy BMI, GWG and other covariates in both term and preterm births. This study improved our understanding of the role of the placenta in fetal growth, a complex process that involves multiple maternal and fetal factors.
The prevalence of pre-pregnancy obesity (21%), excessive GWG (42%) and GDM (5%) in our cohort was similar to others (19) (20) (21) . Previous studies reported that offspring of mothers with pre-pregnancy obesity, excessive GWG and GDM are larger at birth; our results confirmed previous findings. (4, 22, 23) Unlike other studies, we were able to examine the associations between prenatal factors and fetal growth and BMI at birth in term and preterm births separately. We found that pre-pregnancy obesity and excessive GWG were associated with birth weight-for-gestational age z-score and BMI at birth among term births, but not among preterm infants. It is possible that other adverse risk factors that contribute to preterm birth also impact fetal growth. For example, intrauterine inflammation is thought to induce preterm birth as well as poor fetal growth (24, 25) As placental and other pathologies are more prevalent and pronounced in the preterm group, these adverse factors may have obscured any effect of maternal obesity and excessive GWG on fetal growth in preterm births. Finally, it is also possible that effects of maternal obesity and GWG are most influential during the period of most rapid fetal growth (third trimester). Third trimester growth is shortened among infants born preterm.
Similar to other studies, we found that placental weight correlated with weight status at birth. (6, 7) To our knowledge, our study is the first to test the hypothesis whether, and to what extent, placental weight mediates the relationship between other known pre-and perinatal predictors of fetal growth and birth weight outcomes. Our findings suggest that placental weight partially mediates the effect of pre-pregnancy BMI, GWG and GDM on fetal growth. Excessive GWG and GDM may represent a state of intrauterine over-nutrition, where the placental supply of maternal nutrients is too abundant, leading to a larger placental and subsequently larger infant. Our interpretation is biologically plausible. Placental size is correlated with capacity for nutrient transfer and increases steadily throughout gestation. (26) In animal studies of sheep, enlarged placentas by diet manipulation produced larger lambs. (10) In horses, where size differs by breed, when fertilized embryos from smaller breeds are implanted in larger breeds, the placental and fetal weights are larger than if the embryos remained in the smaller breed. This demonstrates that placental weight and surface area can enhance fetal size. (26) In human epidemiologic studies, maternal diet and energy intake can affect placental size.(26-28) For example, women who fast during Ramadan during the last trimester have smaller placentas. (27) Taken together, previous animal and epidemiologic studies suggest that maternal nutrition may influence fetal growth via placental weight.
There is growing evidence that the placenta plays a key role in fetal programming of cardiometabolic diseases.(10) In addition to nutrient transport, the placenta also plays a key role in production of hormones which can influence intra-and extra-uterine growth. Despite the close correlation known between placental size and fetal growth, the mediation effect of placental weight on the associations between these prenatal factors and fetal growth is partial (20%-36%), not complete. This is also evident by the positive associations of maternal obesity, GWG and GDM with greater fetal growth after controlling for placental weight in term births, where the effect estimations should go to 0 if the mediation is complete. Thus, other pathways that do not involve placental weight are yet to be identified. Secondly, we simplify our assumption in one way direction of maternal-placenta-fetal unit in this study. Since fetal growth can influence placental growth (30) , and this may account for the partial mediation found in this study. Thirdly, placental weight is but one of several physical parameters that may predict outcomes, including placental thickness, width, length and cord placement position. Placental size may also increase due to remodeling from a prior injury. Thus, caution is needed when using placenta weight alone to reflect placental function as a determinant of fetal growth. Our epidemiologic findings provide the basis for future studies to further investigate the roles of placenta in mediating the effects of prenatal factors on fetal growth.
Strengths of this study include its multiple pre-and perinatal factors, measures of placental weight, as well as a wide range of potential known confounders of preterm birth and fetal growth among a relatively large number of women. In particular, we were able to adjust for smoking status and stress during pregnancy, known factors that can restrict fetal growth via placental insufficiency. (7, 31) Also, our cohort had a large number of preterm births to evaluate outcomes in term and preterm infants separately.
Limitations include our clinical measures of placental weight. Placentas were sent to pathology for a variety of clinical indications and only the mother-infant pairs with placental weights were examined for this study, which may lead to a higher prevalence of placental pathologies (inflammation, vascular pathology etc) or smaller placental weight in the analysis sample than in study participants as a whole. Thus the findings cannot be generalized to all mother-infant pairs in the cohort or to pregnant women in general. The direction of the effect of selection bias is not obvious. The function of placentas in this sample was likely to be lower due to placental pathologies, which may have underestimated the mediation effect of placenta weight in general. However, we can't exclude the possibility that certain placental pathology may lead to a more substantial mediation effect of maternal factors on fetal growth. Second, the study participants included had relatively lower social economic status (SES) and greater prevalence of prematurity compared to those excluded, which may also limit generalizeability of our findings. Thus we performed our analysis with stratification by preterm status, and adjusted for SES factors. In the context of these limitations, our findings may be viewed as hypothesis-generating. The study of obesity in this unique population is designed to bring general insight to our understanding of pregnancy. Confirmation studies of larger sample sizes with inclusion of women with placentas that are more representative of general populations are needed. Thirdly, prepregnancy BMI was calculated from self-reported height and weight. Because women tend to under-report their weight by up to 2.5 kg(32), our calculated BMIs may be systematically low. The misclassification of some women from higher BMI category to the lower group could bias our findings toward the null. Fourth, we did not have paternal BMI, a covariate that may influence birth weight status. However, a previous study reported that paternal BMI was not associated with placental and birth weight after adjustment for maternal factors.(7) Finally, we used clinical assessment of recumbent birth length which tend to systematically over-estimate length and underestimate BMI by a reliably predictable amount (regression equation: research-standard length= 95.3% of the clinical measurement + 1.88 cm). (33) Since clinical assessment and research-standard measures of length were highly correlated (R 2 = 0.98),(33) the use of clinical measures should not change the associations we found.
Conclusion
In this U.S. urban multi-ethnic birth cohort, we found that placental weight is a strong predictor of fetal growth, and appears to partially mediate the effect of maternal obese, GDM and excessive GWG on fetal growth and BMI at birth among term infants, and mediate the effects of GDM on fetal growth and BMI at birth among preterm infants. Our findings suggest that the placenta serves as intermediary between maternal conditions of over nutrition and offspring obesity, and therefore may serve a critical role in fetal programming of subsequent metabolic diseases. Smoothing plot of the associations of pre-pregnancy BMI and gestational weight gain with birth weight-for-gestational age z-score stratified by sex-and gestational age-specific tertiles of placental weight, with adjustment for covariates in term and preterm infants. Covariates were sex, maternal age, maternal age 2 , maternal education, maternal race, gestational age, gestational age 2 , parity, smoking during pregnancy, stress during pregnancy. Smoothing plot of the associations of pre-pregnancy BMI and gestational weight gain with BMI at birth stratified by sex-and gestational age-specific tertiles of placental weight, with adjustment for covariates in term and preterm infants. Covariates were sex, maternal age, maternal age 2 , maternal education, maternal race, gestational age, gestational age 2 , parity, smoking during pregnancy, and stress during pregnancy. Table 3 Associations of Prenatal Factors, Placental Weight and Birth Weight-for-Gestational Age Z-score in Term and Preterm births. Ref.
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